Behavioral sensitization in mammals, including humans, is sensitive to factors such as administration route, testing environment, and pharmacokinetic confounds, unrelated to the drugs themselves that are difficult to eliminate. Simpler animals less susceptible to these confounding influences may be advantageous substitutes for studying sensitization. We tested this hypothesis by determining whether planarians display sensitization and cross sensitization to cocaine and glutamate. Planarian hyperactivity was quantified as the number of C-like hyperkinesias during a 1-min drug exposure. Planarians exposed initially to cocaine (or glutamate) on day 1 were challenged with cocaine (or glutamate) after 2 or 6 days of abstinence. Acute cocaine or glutamate produced concentration-related hyperactivity. Cocaine or glutamate challenge after 2 and 6 days of abstinence enhanced the hyperactivity, indicating the substances produced planarian behavioral sensitization. Cross-sensitization experiments showed that cocaine produced greater hyperactivity in planarians earlier exposed to glutamate than in glutamate-naive planarians, and vice versa. Behavioral responses were pharmacologically selective because neither scopolamine nor caffeine produced planarian behavioral sensitization despite causing hyperactivity after initial administration, and acute c-aminobutyric acid did not cause hyperactivity. Demonstration of pharmacologically selective behavioral sensitization in planarians suggests that these flatworms represent a sensitive in-vivo model to study cocaine behavioral sensitization and to screen potential abuse-deterrent therapeutics.
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Introduction
Behavioral sensitization (reverse tolerance) is a hallmark effect of cocaine in mammals (Narendran and Martinez, 2008) . This phenomenon is an enhancement in hyperactivity which occurs during the repeated, intermittent exposure to cocaine and most other addictive drugs (Vanderschuren and Kalivas, 2000) . In this process, an animal exposed to an abused drug for the first time displays hyperactivity. When the same animal is exposed repeatedly to the drug, undergoes a period of abstinence, and is then reintroduced to the drug, the animal displays an exaggeration in hyperactivity compared with the increase in activity produced by initial exposure. Behavioral sensitization is a progressive and enduring phenomenon which can persist for months after withdrawal from drug exposure. Cellular adaptations which mediate behavioral sensitization are hypothesized to underlie the intensification of drug craving and relapse into drug use (Nestby et al., 1997; Berridge and Robinson, 1998; Vanderschuren and Kalivas, 2000; Narendran and Martinez, 2008) .
The physiological mechanisms underlying development and expression of cocaine-induced behavioral sensitization are not entirely clear, but a critical role for glutamate -the major excitatory neurotransmitter in the mammalian brain and a primary regulator of the synaptic plasticity underlying learning and memory -is established. Development of cocaine-induced behavioral sensitization in mammals is dependent on increased glutamate transmission at NMDA and AMPA receptors (Karler et al., 1989 (Karler et al., , 1994 Kalivas and Alesdatter, 1993; Wolf and Jeziorski, 1993; Li et al., 1997; Gambarana et al., 1998; Wanat and Bonci, 2008) . Expression of cocaine-induced behavioral sensitization in mammals is also highly dependent on increased glutamate activity (Karler et al., 1994; Vanderschuren and Kalivas, 2000) . Earlier study indicates cocaine-exposed rats which undergo a period of cocaine abstinence display an increased level of extracellular glutamate in the brain reward center (nucleus accumbens) after administration of a cocaine challenge (Reid and Berger, 1996; Kalivas and Duffy, 1998) . At least some degree of cross sensitization exists between cocaine and glutamate because NMDA or AMPA receptor agonist administration produces a sensitized behavioral response in rats exposed earlier to cocaine Pierce et al., 1996) . Related experiments have shown that a single injection of amphetamine induces behavioral sensitization in rats exposed earlier to glutamate itself or to pharmacological agents that increase extracellular glutamate (Aked et al., 2005) . Altogether, these results indicate that the ability of cocaine to produce sensitized behavioral responses in mammals is highly dependent on increased glutamate signaling.
Behavioral sensitization is understudied in invertebrates with the notable exception of drosophila, which display sensitized responses during repeated cocaine administration (Quinn et al., 1974; Griffith et al., 1993; McClung and Hirsh, 1998; Andretic et al., 1999; Dimitrijevic et al., 2004; Heberlein et al., 2009 ). An attractive invertebrate for investigating the process of behavioral sensitization is Planaria. These flatworms possess a primitive, yet centralized, nervous system (cephalic ganglia and spinal processes), use mammalian-like neurotransmitter systems, including glutamate, dopamine, and serotonin, and display abstinence-related withdrawal to abused drugs that is highly dependent on increased glutamate activity (Venturini et al., 1989; Cretí et al., 1992; Eriksson and Panula, 1994; Raffa and Valdez, 2001; Umeda et al., 2005; Rawls et al., 2006 Rawls et al., , 2007 Rawls et al., , 2008 Raffa et al., 2008) . Most importantly, planarians display hyperactivity after acute cocaine exposure and express key substrates that mediate cocaine-induced behavioral sensitization in mammals (Palladini et al., 1996; Pagán et al., 2008; Rowlands and Pagán, 2008) . This study investigated the specific hypothesis that addictive substances produce detectable, quantifiable behavioral sensitization in planarians with the ultimate goal of developing a sensitive, and broadly applicable, methodology for studying behavioral sensitization. The effects of four substances were examined: cocaine, glutamate, caffeine, a psychoactive stimulant and adenosine receptor antagonist, and scopolamine, a muscarinic receptor antagonist. We now provide the first evidence that cocaine and glutamate produce behavioral sensitization, and display cross sensitization, in planarians, the simplest animals to possess a body plan common to all vertebrates and most invertebrates.
Methods

Subjects and drugs
Planarians (Dugesia dorotocephala) were purchased from Carolina Biological Supply (Burlington, North Carolina, USA), acclimated to room temperature (211C), and tested within 3 days of receipt. L-glutamic acid and scopolamine hydrobromide were purchased from Tocris Biosciences (St Louis, Missouri, USA) and caffeine was purchased from Sigma-Aldrich (St Louis, Missouri, USA).
Cocaine hydrochloride was provided by the National Institute on Drug Abuse. Stock solutions of glutamate and cocaine were prepared daily in tap water containing AmQuel (Kordon LLC, Hayward, California, USA) water conditioner (sodium hydroxymethanesulfonate, 1 ml Amquel per 1 gallon of water). All treatment solutions were diluted with tap water containing AmQuel water conditioner.
Behavioral experiments
Individual planarians were placed randomly into a plastic petri dish (5.5 cm diameter) containing a specific drug or drug combination and observed by a well-trained experimenter who was blinded to the treatment. Planarian activity counts were defined as the number of C-like hyperkinesias during the first 1 min of drug exposure as described earlier and shown (Rawls et al., 2009) . Each experiment used independent groups of planarians that were not reused for additional experiments. In all cases except for the caffeine experiments, planarians were only exposed to a specific treatment for 1 min. Experiments were conducted between 13 : 00 and 17 : 00 h to control for potential circadian effects on planarian activity. The planarian C-like hyperactivity was not because of effects of the drugs on pH of the medium, a possibility that was addressed in a recent study showing that topiramate antagonizes C-like hyperactivity induced by NMDA (Rawls et al., 2009 ). What we found was that the pH of the test water, in the absence of drug, was 7.0, and that the pH of a 3 mmol/l NMDA solution was approximately 6.6. In the case in which planarians were exposed only to acetate buffer (pH = 6.6), they did not display C-like hyperactivity (Rawls et al., 2009 ). In fact, only when the pH of the acetate buffer was lowered to less than 5.0 did planarians display hyperactivity. The concentrations of cocaine and glutamate used in this study have a pH greater than 5. More evidence that the hyperactivity observed here was because of a specific drug action, rather than a lowering of the pH, was that planarians exposed to g-aminobutyric acid (GABA), even at concentrations as high as 25 mmol/l, did not display significant hyperactivity (Fig. 1) .
Does acute glutamate, cocaine, or GABA exposure increase planarian activity counts?
Individual planarians were exposed to glutamate (0, 0.01, 0.1, 1, 3, 10 mmol/l), cocaine (0, 0.01, 0.1, 1, 3, 10 mmol/l), or GABA (0, 0.01, 0.1, 1, 3, 10, 25 mmol/l) and activity counts were quantified for 1 min.
Does repeated cocaine or glutamate exposure produce planarian behavioral sensitization?
Individual planarians were initially exposed to cocaine (0.1, 1, 3 mmo/l) for 1 min on day 1, re-exposed for 1 min to the same cocaine concentration (0.1, 1, 3 mmol/l) 60 min later on day 1, and then underwent 2 days of abstinence before being reintroduced to the same cocaine concentration (0.1, 1, 3 mmol/l) for 1 min on day 4. Activity counts were observed and quantified during each 1-min cocaine exposure on days 1 and 4. Control planarians were included for each respective cocaine concentration. Activity counts in control planarians were obtained during 1 min of exposure to drug-free water on day 1, during 1 min of exposure to drug-free water 60 min later on day 1, and during 1 min of exposure to cocaine (0.1, 1, 3 mmol/l) on day 4. An identical paradigm was used for experiments in which planarians were repeatedly exposed to glutamate (0.1, 1, 3 mmol/l).
Do planarians exposed only once to cocaine or glutamate display behavioral sensitization after 2 or 6 days of drug abstinence?
Individual planarians were exposed once to either 0.1 mmol/l cocaine or drug-free water for 1 min on day 1 and then treated for 1 min with 0.1 mmol/l cocaine 2 days later. In separate experiments, individual planarians exposed once to either 0.1 mmol/l cocaine or drug-free water for 1 min on day 1 were treated for 1 min with 0.1 mmol/l cocaine 6 days later. The identical paradigm was used for the 0.1 mmol/l glutamate experiments.
Do cocaine and glutamate display cross sensitization in planarians?
Individual planarians were exposed to cocaine (0.1 mmol/l), glutamate (0.1 mmol/l) or drug-free water for 1 min on day 1. Following 2 days of drug abstinence, planarians from each group were exposed to cocaine (0.1 mmol/l) or glutamate (0.1 mmol/l) for 1 min on day 4.
Does repeated scopolamine exposure cause planarian behavioral sensitization?
Individual planarians were initially exposed to scopolamine (0.1, 1, 3 mmol/l) for 1 min on day 1, re-exposed for 1 min to the same scopolamine concentration (0.1, 1, 3 mmol/l) 60 min later on day 1, and then underwent 2 days of abstinence before being reintroduced to the same scopolamine concentration (0.1, 1, 3 mmol/l) for 1 min on day 4. Activity counts were observed and quantified during each 1-min scopolamine exposure on days 1 and 4. Control planarians were included for each respective scopolamine concentration. Activity counts in control planarians were obtained during 1 min of exposure to drug-free water on day 1, during 1 min of exposure to drug-free water 60 min later on day 1, and during 1 min of exposure to scopolamine (0.1, 1, 3 mmol/l) on day 4.
Does repeated caffeine exposure cause planarian behavioral sensitization?
Pilot experiments indicated that caffeine concentrations of less than 0.1, 1, and 3 mmol/l did not produce reproducible and quantifiable C-like hyperkinesias during 1 min of exposure. However, when the observation interval was extended to 5 min, caffeine concentrations of 1 and 3 mmol/l did produce quantifiable C-like hyperkinesias. Thus, we selected concentrations of 1 and 3 mmol/l and chose a drug-exposure interval of 5 min, rather than 1 min, for the caffeine sensitization experiments. In these experiments, individual planarians were initially exposed to caffeine (1, 3 mmol/l) for 5 min on day 1, re-exposed for 5 min to the same caffeine concentration (1, 3 mmol/l) 60 min later on day 1, and then underwent 2 days of abstinence before being reintroduced to the same caffeine concentration (1, 3 mmol/l) for 5 min on day 4. Activity counts were observed and quantified during each 5-min caffeine exposure on days 1 and 4. Control planarians were included for each respective caffeine concentration. Activity counts in control planarians were obtained during 1 min of exposure to drugfree water on day 1, during 1 min of exposure to drug-free water 60 min later on day 1, and during 1 min of exposure to caffeine (1, 3 mmol/l) on day 4.
Data analysis
For acute experiments, comparisons of group means (± SEM) were evaluated by one-way analysis of variance (ANOVA) followed (if P < 0.05) by a Dunnett's post-hoc analysis. For chronic experiments, comparisons of group means ( ± SEM) were analyzed using two-way ANOVA with pretreatment and treatment factors (or pretreatment and abstinence period factors) followed by a Bonferroni test for multiple comparisons. Within-subject comparisons of group means ( ± SEM) were evaluated using one-way ANOVA followed (if P < 0.05) by a Dunnett's test. Values of P less than 0.05 were considered statistically significant.
Results
Acute cocaine or glutamate administration increased activity Planarians exposed to water did not display C-like hyperkinesias (i.e. activity counts) (Fig. 1a-c) . Glutamate exposure produced a concentration-related increase in Clike hyperkinesias [F(5,38) = 79.2, P < 0.0001] (Fig. 1a) . Dunnett's post-hoc analysis showed that activity counts were significantly greater in planarians exposed to glutamate (1, 3, 10 mmol/l) than in planarians exposed to water (P < 0.01). Cocaine-treated planarians also displayed a concentration-dependent increase in activity counts [F(4,31) = 87.41, P < 0.0001] (Fig. 1b) . Dunnett's posthoc analysis indicated that cocaine (0.01, 0.1, 1, 3 mmol/l) produced significant C-like hyperkinesias compared with water (P < 0.01) (Fig. 1b) . Planarians exposed to GABA (0.01, 0.1, 1, 3, 10, 25 mmol/l) did not display enhanced activity counts compared with planarians exposed to water [F(6,42) = 1.054, P > 0.05] (Fig. 1c) .
Cocaine produced planarian behavioral sensitization Activity counts of planarians pretreated with water or cocaine (0.1, 1, 3 mmol/l) twice on day 1 and then treated with cocaine (0.1, 1, 3 mmol/l) on day 4 are displayed in Fig. 2 . Two-way ANOVA (pretreatment, treatment) showed a significant pretreatment effect [F(1,42) = 179.4, P < 0.0001] and treatment effect [F(2,42) = 93.88, P < 0.0001] whereas the interaction effect did not quite attain statistical significance [F(2,42) = 3.03, P = 0.0592]. Post-hoc analysis revealed that 0.1, 1, and 3 mmol/l cocaine exposure on day 4 produced significantly greater activity counts in planarians pretreated with cocaine twice on day 1 than in planarians earlier naive to cocaine (P < 0.001, water/cocaine vs. cocaine/cocaine). One-way ANOVA comparing within-group means for the cocaine-exposed planarians showed a significant main effect for the 0.1 mmol/l cocaine experiments [F(2,21) = 31.33, P < 0.0001], 1 mmol/l cocaine experiments [F(2,21) = 59.40, P < 0.0001], and 3 mmol/l cocaine experiments [F(2,21) = 26.92, P < 0.0001] (Fig. 2, insets) . Dunnett's post-hoc analysis indicated that planarians displayed enhanced activity counts following cocaine challenge (0.1, 1 or 3 mmol/l) on day 4 compared with initial cocaine exposure on day 1 (P < 0.001, day 1 vs. day 4).
Glutamate produced planarian behavioral sensitization
Activity counts of planarians pretreated with water or glutamate (0.1, 1, 3 mmol/l) twice on day 1 and then treated with glutamate (0.1, 1, 3 mmol/l) on day 4 are displayed in Fig. 3 . Two-way ANOVA (pretreatment, treatment) showed a significant pretreatment effect [F(1,42) = 147.6, P < 0.0001] and treatment effect [F(2,42) = 139.5, P < 0.0001] but not a significant interaction effect [F(2,42) = 0.8876, P = 0.4192]. Post-hoc analysis revealed that 0.1, 1, and 3 mmol/l glutamate exposure on day 4 produced significantly greater activity counts in planarians pretreated with glutamate twice on day 1 than in planarians earlier naive to glutamate (P < 0.001, water/glutamate vs. glutamate/ glutamate). One-way ANOVA comparing within-group means for the glutamate-exposed planarians showed a significant main effect for the 0.1 mmol/l glutamate experiments [F(2,21) = 97.27, P < 0.0001], 1 mmol/l glutamate experiments [F(2,21) = 42.97, P < 0.0001], and 3 mmol/l glutamate experiments [F(2,21) = 59.27, P < 0.0001] (Fig. 3  insets) . Dunnett's post-hoc analysis indicated that planarians displayed enhanced activity counts following glutamate challenge (0.1, 1, 3 mmol/l) on day 4 compared with initial glutamate exposure on day 1 (P < 0.001 day 1 vs. day 4).
A single cocaine or glutamate exposure produced planarian behavioral sensitization after abstinence intervals of 2 and 6 days Figure 4 presents results from experiments in which planarians were exposed once (day 1) to either 0.1 mmol/l cocaine or 0.1 mmol/l glutamate and then administered a challenge dose of 0.1 mmol/l cocaine or 0.1mmol/l glutamate 2 or 6 days later. For the cocaine experiments, twoway ANOVA (pretreatment, abstinence interval) showed significant pretreatment [F(1,28) = 68.40, P < 0.0001] and interaction [F(1,28) = 7.428, P = 0.0109] effects but not a significant effect of abstinence interval by itself [F(1,28) = 1.987, P = 0.1696] (Fig. 4a) . Bonferroni analysis showed that planarians exposed once to 0.1 mmol/l cocaine on day 1 and then reintroduced to 0.1 mmol/l cocaine following 2 or 6 days of abstinence displayed significantly greater activity counts than did planarians that were earlier naive to cocaine (P < 0.01 or P < 0.001 for water/cocaine vs. cocaine/cocaine following a 2 or 6-day abstinence) (Fig. 4a) . For the 0.1 mmol/l glutamate experiments, twoway ANOVA (pretreatment, abstinence interval) showed significant pretreatment [F(1,28) = 123.2, P < 0.0001], abstinence interval [F(1,28) = 0.0393, P < 0.0001], and interaction [F(1,28) = 7.499, P = 0.0106] effects (Fig. 4b) . Bonferroni analysis showed that planarians exposed once to 0.1 mmol/l glutamate on day 1 and then reintroduced to 0.1 mmol/l glutamate following 2 or 6 days of abstinence displayed significantly greater activity counts than did planarians that were earlier naive to glutamate (P < 0.001 for water/glutamate vs. glutamate/glutamate following 2 and 6 days of abstinence) (Fig. 4b) . The effect of 0.1 mmol/l glutamate pretreatment was sensitive to the period of glutamate abstinence as a subsequent 0.1 mmol/l glutamate challenge produced significantly greater activity counts following 6 days of abstinence (3.6-fold sensitization) than after 2 days of abstinence (2.5-fold sensitization).
Cocaine and glutamate displayed cross sensitization Figure 5 presents results from experiments in which planarians with prior 0.1 mmol/l glutamate exposure (twice on day 1) were challenged on day 4 with 0.1 mmol/l cocaine, and vice versa. One-way ANOVA indicated a significant drug effect [F(5,42) = 14.86, P < 0.0001]. Cocaine (0.1 mmol/l) once again produced sensitization, evident from the observation that planarians exposed to cocaine (0.1 mmol/l) displayed greater hyperactivity in response to their challenge administration of 0.1 mmol/l cocaine (day 4) than planarians exposed to cocaine (0.1 mmol/l) for the first time (P < 0.001). Glutamate also produced sensitization as day 4 glutamate administration (0.1 mmol/l) produced greater hyperactivity in planarians earlier exposed to glutamate (0.1 mmol/l) than Cocaine (0.1-3 mmol/l) produced behavioral sensitization. Planarians pretreated twice with cocaine (0.1, 1, 3 mmol/l) on day 1 (60 min apart) underwent 2 days of withdrawal before being challenged with cocaine (0.1, 1, 3 mmol/l) on day 4 (cocaine/cocaine groups). Control planarians for each respective cocaine concentration were pretreated twice with water on day 1 and then exposed to cocaine (0.1, 1, 3 mmol/l) on day 4 (water/ cocaine groups). Data are expressed as mean activity counts ± SEM during 1 min of cocaine exposure on day 4. ***P < 0.001 versus respective water/cocaine group. (Insets) Data are expressed as mean activity counts ± SEM in planarians exposed to cocaine (0.1, 1, 3 mmol/l) for 1 min on days 1 (twice) and 4. **P < 0.01 versus day 1 exposure. N = 8 planarians per group.
Planarian behavioral sensitization Rawls et al. 305 in planarians earlier naive to glutamate (P < 0.001). Cocaine produced cross sensitization to glutamate, such that glutamate administration (0.1 mmol/l) on day 4 produced greater hyperactivity in planarians with prior cocaine (0.1 mmol/l) experience than in cocaine-naive planarians (P < 0.001). In planarians exposed to 0.1 mmol/l cocaine or glutamate on day 1, glutamate administration (0.1 mmol/l) on day 4 produced hyperactivity that was not significantly different (P > 0.05). Glutamate also produced cross sensitization to cocaine, as cocaine exposure (0.1 mmol/l) on day 4 produced hyperactivity that was significantly greater in planarians exposed to glutamate (0.1 mmol/l) on day 1 than in glutamate-naive planarians (P < 0.01). In planarians exposed to either cocaine (0.1 mmol/l) or glutamate (0.1 mmol/l) on day 1, hyperactivity produced by cocaine (0.1 mmol/l) on day 4 was not significantly different (P > 0.05).
Scopolamine or caffeine exposure did not cause planarian behavioral sensitization Figure 6 displays the activity counts of planarians pretreated with water or scopolamine (0.1, 1, 3 mmol/l) Glutamate (0.1-3 mmol/l) produced behavioral sensitization. Planarians pretreated twice with glutamate (0.1, 1, 3 mmol/l) on day 1 (60 min apart) underwent 2 days of withdrawal before being challenged with glutamate (0.1, 1, 3 mmol/l) on day 4 (glutamate/glutamate groups). Control planarians for each respective glutamate concentration were pretreated twice with water on day 1 and then exposed to glutamate (0.1, 1, 3 mmol/l) on day 4 (water/glutamate groups). Data are expressed as mean activity counts ± SEM during 1 min of glutamate exposure on day 4. ***P < 0.001 versus respective water/glutamate group. (Insets) Data are expressed as mean activity counts ± SEM in planarians exposed to glutamate (0.1, 1, 3 mmol/l) for 1 min on days 1 (twice) and 4. **P < 0.01 versus day 1 exposure. twice on day 1 and then treated with scopolamine (0.1, 1, 3 mmol/l) on day 4. Scopolamine concentrations of 0.1, 1, and 3 mmol/l induced C-like hyperkinesias following acute administration on day 1 (Fig. 6 insets) . Two-way ANOVA (pretreatment, treatment) of the behavioral data showed a significant treatment effect [F(2,42) = 18.83, P < 0.0001] but not significant pretreatment [F(1,42) = 2.777, P = 0.1030] and interaction [F(2,42) = 1.351, P = 0.2701] effects. A one-way ANOVA comparing withingroup means for scopolamine-exposed planarians showed a significant main effect for the 3 mmol/l scopolamine group [F(2,21) = 3.624, P < 0.05] (Fig. 6 insets) . Dunnett's post-hoc analysis indicated that scopolamine challenge (3 mmol/l) on day 4 produced fewer activity counts than the same concentration of scopolamine (3 mmol/l) produced upon initial exposure on day 1 (P < 0.05, day 1 vs. day 4).
Activity counts of planarians pretreated with water or caffeine (1, 3 mmol/l) twice on day 1 and then treated with caffeine (1, 3 mmol/l) on day 4 are displayed in Fig. 7 . The data displayed in Fig. 7 represent activity counts quantified over a 5-min interval. Caffeine concentrations of 1 and 3 mmol/l produced C-like hyperkinesias after acute exposure (Fig. 7 insets) . Two-way ANOVA (pretreatment, treatment) showed a significant treatment effect [F(1,28) = 27.67, P < 0.0001] but not significant pretreatment [F(1,28) = 1.578, P = 0.2194] and interaction [F(1,28) = 0.000, P = 1.000] effects. One-way ANOVA comparing within-group means for the caffeine-exposed planarians confirmed the lack of a sensitized response to caffeine concentrations of 1 mmol/l [F(2,21) = 1.288, P = 0.2967] and 3 mmol/l [F(2,21) = 0.2284, P = 0.7978] (Fig. 7 insets) .
Discussion
We report for the first time that planarians display behavioral sensitization to cocaine, one of the world's most addictive drugs. Planarian behavioral sensitization (pBS) to cocaine challenge was detectable after a single cocaine exposure and was present after cocaine abstinence periods of 2 and 6 days. These aspects of pBS were similar to the behavioral sensitization produced by cocaine in mammals and drosophila (Post, 1980; King et al., 1992; McClung and Hirsh, 1998; Vanderschuren and Kalivas, 2000) . Glutamate, a major excitatory neurotransmitter in the mammalian brain that possesses a different mechanism of action than cocaine, produced sensitization similar to cocaine, indicating that pBS was not cocaine specific (Nicholls and Sihra, 1986) . Pharmacological selectivity was observed for the phenomenon, however neither scopolamine nor caffeine produced pBS despite increasing planarian activity after acute exposure. Another key finding was that planarians displayed a robust cross sensitization to cocaine and glutamate, evident from the A single cocaine or glutamate exposure produced behavioral sensitization after 2 and 6 days of drug abstinence. (a) Planarians treated with 0.1 mmol/l cocaine or water once on day 1 were exposed to 0.1 mmol/l cocaine 2 or 6 days later. Data are expressed as mean activity counts ± SEM during 1 min of cocaine exposure following 2 or 6 days of abstinence. **P < 0.01 or ***P < 0.001 compared with respective water/cocaine group. N = 8 planarians per group. (b) Planarians treated with 0.1 mmol/l glutamate or water once on day 1 were exposed to 0.1 mmol/l glutamate 2 or 6 days later. Data are expressed as mean activity counts ± SEM during 1 min of glutamate exposure after 2 or 6 days of abstinence. ***P < 0.001 compared to respective water/glutamate group. N = 8 planarians per group.
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Although cocaine produces behavioral and neurochemical sensitization in mammals, including humans, the nature of the sensitization varies widely with a host of factors unrelated to the drug itself. These factors include cocaine exposure patterns (intermittent vs. continuous), dosing schedules, pharmacokinetic factors, route of cocaine administration, testing environment (e.g. context-paired vs. context-unpaired), anticipation of cocaine administration, the use of multiple, and often, diverse biological measures to quantify sensitization, and poly-drug abuse by addicts, a common practice which affects and complicates sensitization phenomena produced by the coadministered drugs (Lau et al., 1991; Yeh and Haertzen, 1991; Nestby et al., 1997; Vanderschuren and Kalivas, 2000; Boileau et al., 2006; Narendran and Martinez, 2008) . The inability to control these confounds is a principal reason that sensitization is often difficult to quantify, and sometimes even to show, in mammals. Early human sensitization studies were limited to uncontrolled observations and open trials in cocaine and amphetamine users who reported an increased tendency to develop psychosis over time despite using lower doses of the drugs (Brady et al., 1991; Satel et al., 1991) . More recent clinical investigations have used multiple parameters (e.g. increased speech, increased eye blink, enhanced mood, enhanced energy, vital signs, pupil diameter, subjective effects, hormone levels, electroencephalographic recordings, dopamine transmission) to quantify sensitization (Rothman et al., 1994; Sax and Strakowski, 2001) . Results from clinical trials have been predictably inconsistent as repeated psychostimulant exposure has been shown to cause tolerance (Narendran and Martinez, 2008) and persistent behavioral and neurochemical sensitization (Boileau et al., 2006) .
It follows that a promising application of the present finding -identification of a sensitive and reproducible measure of behavioral sensitization and cross sensitization in planarians -is to study aspects of drug-induced behavioral sensitization that are methodologically challenging to investigate in higher order species. Planarians possess key substrates that have been identified as primary mediators of mammalian behavioral sensitization, display hyperactivity after acute psychostimulant exposure, and lack a blood-brain barrier (Palladini et al., 1996; Margotta et al., 1997; Pagán et al., 2008; Rowlands and Pagán, 2008) . Studying behavioral sensitization in planarians offers the ability to: (i) measure behavioral sensitization with a simple biological parameter that is sensitive, reproducible, quantifiable, cost effective, and time effective, (ii) minimize interpretive complications related to pharmacokinetic factors such as drug absorption, distribution, metabolism, elimination, and blood-brain barrier passage, (iii) precisely identify the drug concentration, as opposed to just dose, which is less amenable to rigorous quantitative analysis, (iv) continuously expose the animal to an abused drug, by soaking it in a petri dish, a feat accomplished easily with planarians because of their aquatic nature, thus offering a distinct advantage over mammalian models that rely on multiple injections or mini pumps to achieve constant drug concentrations, (v) reduce the impact of higher order confounding influences, such as the effects of handling, familiarity of the testing environment, strain, stress from procedures, and anticipation of drug administration, (vi) test cocaine, and most other abused drugs, in a variety of dosing schedules and drug exposure patterns because of the exceptional adaptability of the planarian model, (vii) adapt the behavioral sensitization model to translational use, 
Cocaine and glutamate display cross sensitization. Planarians exposed to water (W), cocaine (COC) (0.1 mmol/l) or glutamate (GLU) twice on day 1 (60 min apart) were treated with COC (0.1 mmol/l) or GLU (0.1 mmol/l) on day 4. Data are expressed as mean activity counts ± SEM during 1 min of drug exposure on day 4. ***P < 0.001 compared to the W/GLU group; w P < 0.05, ww P < 0.01, and www P < 0.001 compared with the W/COC group. N = 8 planarians per group.
such as the preclinical testing and in-vivo screening of very small amounts of novel synthetic compounds, which are available in limited quantity, for their potential as abuse deterrent and CNS active therapeutics, (viii) study the effects of poly-drug exposure, particularly as related to screening compounds for their efficacy against adverse effects produced by simultaneous exposure to multiple abused drugs, and (ix) reduce the use of mammals in research.
At present, drosophila is the major invertebrate used to investigate behavioral sensitization. Drosophila studies have been invaluable in the identification and characterization of genetic-related and circadian-related mechanisms of cocaine-induced sensitization (Quinn et al., 1974; Griffith et al., 1993; McClung and Hirsh, 1998; Andretic et al., 1999; Dimitrijevic et al., 2004; Heberlein et al., 2009) . Our results now suggest that planarians are capable of providing equally important insight into additional aspects of drug-induced sensitization that have not been addressed in existing models. Unlike drosophila, which has a relatively short life span of 2-3 weeks, planarians are practically immortal because they undergo continuous cellular proliferation as adults (Saló, 2006) . This makes planarians easily adaptable to investigate one of sensitization's hallmark features, endurance, a phenomenon that can persist for up to a year after cessation of drug exposure in mammals. Drug administration is also much more convenient in planarians than in drosophila (Hatsukami et al., 1990; McClung and Hirsh, 1998) . Owing to their natural aquatic habitat, planarians can be simply soaked in a known concentration of drug whereas drosophila requires drug volatilization for effective delivery. This is a likely reason that drosophila sensitization studies have focused almost exclusively on cocaine. The ease with which drugs can be administered to planarians now offers the attractive opportunity to investigate behavioral sensitization produced by broad classes of abused drugs and different drug combinations. Scopolamine (0.1-3 mmol/l) did not produce behavioral sensitization. Planarians pretreated twice with scopolamine (0.1, 1, 3 mmol/l) on day 1 (60 min apart) underwent 2 days of withdrawal before being challenged with scopolamine (0.1, 1, 3 mmol/l) on day 4 (scopolamine/scopolamine groups). Control planarians for each respective scopolamine concentration were pretreated twice with water on day 1 and then exposed to scopolamine (0.1, 1, 3 mmol/l) on day 4 (water/scopolamine groups). Data are expressed as mean activity counts ± SEM during 1 min of scopolamine exposure on day 4. (Insets) Data are expressed as mean activity counts ± SEM in planarians exposed to scopolamine (0.1, 1, 3 mmol/l) for 1 min on days 1 (twice) and 4. *P < 0.05 versus day 1 exposure. N = 8 planarians per group.
It should be noted that our initial experiments showed that planarians exposed once to cocaine, and then challenged with cocaine 60 min later, did not display detectable behavioral sensitization. We conjectured the lack of pBS was because of one of two possibilities: a single cocaine exposure was insufficient to induce behavioral sensitization or the time interval between initial cocaine exposure and cocaine reintroduction was too short. We favored the latter explanation because a single cocaine administration produces behavioral sensitization in rodents and drosophila (Post, 1980; Peris and Zahniser, 1987; Post et al., 1988; Kalivas and Alesdatter, 1993; McClung and Hirsh, 1998) . However, detectable sensitization in both the species requires a cocaine withdrawal period of minimum length, as sensitization in drosophila is first observed after 6 h of cocaine withdrawal but is not detectable after only 3 h of abstinence (McClung and Hirsh, 1998 ). In the case in which planarians were exposed to cocaine once and then reintroduced to cocaine after more extended withdrawal intervals of 2 or 6 days, pBS was in fact detectable, a finding that is consistent with the persistent sensitization produced by cocaine in drosophila (up to 24 h) and mammals (months) (Robinson and Camp, 1987; McClung and Hirsh, 1998; Vanderschuren and Kalivas, 2000) .
Three mechanisms may explain cocaine-induced pBS. One explanation is new gene expression induced by initial cocaine exposure. Behavioral sensitization in mammals and drosophila requires the new expression of genes, such as immediate early genes and genes encoding for tyrosine hydroxylase, dopamine D 1 and D 2 receptors, Caffeine dose (mmol/l) Caffeine (1, 3 mmol/l) did not produce behavioral sensitization. Planarians pretreated twice with caffeine (0.1, 1, 3 mmol/l) on day 1 (60 min apart) underwent 2 days of withdrawal before being challenged with caffeine (1, 3 mmol/l) on day 4 (caffeine/caffeine groups). Control planarians for each respective caffeine concentration were pretreated twice with water on day 1 and then exposed to caffeine (1, 3 mmol/l) on day 4 (water/caffeine groups). Data are expressed as mean activity counts ± SEM during 5 min of caffeine exposure on day 4. (Insets) Data are expressed as mean activity counts ± SEM in planarians exposed to caffeine (1, 3 mmol/l) for 5 min on days 1 (twice) and 4. N = 8 planarians per group. dynorphin, tyramine, and LIM-only proteins, after initial cocaine exposure (Bhat and Baraban, 1993; Steiner and Gerfen, 1993; Vrana et al., 1993; Unterwald et al., 1994; Andretic et al., 1999; Wolf, 1999; Heberlein et al., 2009) . A second explanation is initial cocaine exposure activates signaling components downstream of dopamine receptors, such as the cyclic AMP cascade or extracellular signal-regulated kinase pathway, or activates components of the glutamate system, such as NMDA and AMPA receptors (Vanderschuren and Kalivas, 2000) . A third consideration is accumulation of cocaine or an active cocaine metabolite over time. We believe this possibility is unlikely because there are not any cocaine metabolites in vertebrates that are known to display greater activity than cocaine itself. Furthermore, if a metabolite were responsible for cocaine-induced sensitization in planarians, it would require a relatively slow metabolism of cocaine as our data indicated that pBS was only detectable after a minimum time interval between initial cocaine exposure and cocaine challenge.
Akin to cocaine, glutamate, produced hyperactivity after acute exposure, sensitization of hyperactivity after repeated and intermittent exposure, and detectable pBS after a single exposure. Given that cocaine and glutamate both produced pBS, we investigated the presence of cross sensitization between the two substances. Cross sensitization is a phenomenon in which the response of a new drug is enhanced by prior experience with a different drug (Lett, 1989) . We found that prior exposure to glutamate enhanced hyperactivity produced by cocaine and vice versa. The identification of cross sensitization between cocaine and glutamate in planarians implies a common underlying mechanism for the substances and is consistent with vertebrate studies showing that prior exposure to glutamate or to agents that increase extracellular glutamate, enhance psychostimulant-induced behavioral responses Mitchell et al., 1988; Vanderschuren and Kalivas, 2000; Aked et al., 2005) .
One final point is that the acute and sensitized behavioral responses observed here displayed pharmacological selectivity. Glutamate and three different drugs -cocaine, glutamate, and caffeine-produced an increase in planarian hyperactivity after acute exposure, findings that are consistent with those shown in mammals (Hooks et al., 1991; Kaplan et al., 1992) . In contrast, GABA, the principal inhibitory neurotransmitter in the mammalian brain that is also synthesized and used by planarians (Eriksson and Panula, 1994; Raffa et al., 2007 , did not increase planarian hyperactivity. This finding was not entirely unexpected considering the well documented role of GABA systems, particularly those specific to the GABA B receptor, in suppressing several of cocaine's characteristic effects, including acute hyperactivity, sensitization of hyperactivity, self administration, and mesolimbic dopamine release, in rodents (Kalivas et al., 1990; Fadda et al., 2003; Frankowska et al., 2009) . Regarding sensitized responses, cocaine and glutamate both produced significant pBS whereas scopolamine and caffeine did not. In fact, some degree of tolerance to hyperactivity was actually observed for the highest concentration of scopolamine, a finding that has been shown in rodents (Hooks et al., 1991) . Planarians with prior caffeine experience did display enhanced hyperactivity to a challenge concentration of caffeine, but the effect did not reach statistical significance. The inability of caffeine to produce significant pBS at the concentrations used here is different from rodents and may be related to the caffeine concentrations tested or to variations in adenosine receptor profiles between the two species, particularly as A 1 and A 2 receptors may not be equally important to caffeine-induced behavioral sensitization in rodents (Kaplan et al., 1992; Hsu et al., 2009 ).
In conclusion, the present demonstration of drug-induced behavioral sensitization and cross-sensitization in planarians suggests fundamental pathways involved in cocaineinduced behavioral sensitization are conserved in these simple flatworms (Vezina, 2004) . We propose planarians as a sensitive, translational in-vivo system with broad applicability to investigate biological processes involved in behavioral sensitization produced by different classes of abused drugs and to screen small amounts of novel compounds in limited availability for their abusedeterrent potential.
